The phytohormone cytokinin influences many aspects of plant growth and development, several of 20 which also involve the cellular process of autophagy, including leaf senescence, nutrient re-21 mobilization, and developmental transitions. The Arabidopsis type-A Response Regulators (type-A 22 ARR) are negative regulators of cytokinin signaling that are transcriptionally induced in response to 23 cytokinin. Here, we describe a mechanistic link between cytokinin signaling and autophagy, 24 demonstrating that plants modulate cytokinin sensitivity through autophagic regulation of type-A 25 ARR proteins. Type-A ARR proteins were degraded by autophagy in an AUTOPHAGY-RELATED 26 (ATG)5-dependent manner. EXO70D family members interacted with Type-A ARR proteins, likely 27 in a phosphorylation-dependent manner, and recruited them to autophagosomes via interaction with 28 the core autophagy protein, ATG8. Consistently, loss-of-function exo70D1,2,3 mutants 29 compromised targeting of type-A ARRs to autophagic vesicles, have elevated levels of type-A ARR 30 proteins, and are hyposensitive to cytokinin. Disruption of both type-A ARRs and EXO70D1,2,3 31 compromised survival in carbon-deficient conditions, suggesting interaction between autophagy and 32 cytokinin responsiveness in response to stress. These results indicate that the EXO70D proteins act 33 as selective autophagy receptors to target type-A ARR cargos for autophagic degradation, 34 demonstrating that cytokinin signaling can be modulated by selective autophagy. 35 36 37
Introduction
), but did not affect type-A ARR transcript levels ( Supplementary Fig. 1b ). This effect of ConcA 115 on type-A ARR proteins was independent of the epitope tag or location as N-terminally tagged ARR7 116 (myc:ARR7) also accumulated in response to ConcA ( Supplementary Fig. 1c ). Consistent with the 117 type-A ARRs being degraded by autophagy, treatment with ConcA induced the accumulation of 118 multiple type-A ARR:CFP fusion proteins into vesicles, which likely correspond to autophagic 119 vesicles ( Supplementary Fig. 1d ). 120 To further explore the role of autophagy in type-A ARR turnover, we focused on a transgenic 121 line expressing an ARR4:eGFP transgenic protein. Similar to the effect of ConcA, genetic disruption 122 of autophagy (via the atg5 mutation) resulted in elevated ARR4:GFP protein levels, without affecting 123 ARR4 transcript levels ( Fig. 1b and Supplementary Fig. 1e ). Further, the accumulation of ARR4:GFP 124 into vesicles was nearly eliminated in atg5-1 mutants (Fig. 1c) , indicating that these vesicles are indeed 125 autophagic vesicles. The level of ARR4:GFP protein in the atg5-1 background was unaffected by 126 Type-A ARRs interact with the EXO70D proteins 138 To explore the mechanism of autophagic regulation of type-A ARRs and to identify potential 139 receptors involved in targeting type-A ARR proteins to autophagic vesicles, we screened for proteins 140 that interact with an activated form of type-A ARR protein. Previous studies indicate that mutating the 141 aspartic acid residue (D) that is the target of phosphorylation in the receiver domain of ARRs to a 142 glutamic acid (E) partially mimics the activated, phosphorylated form of the protein. Using an 143 ARR5 D87E bait in a yeast two-hybrid screen, we identified three independent preys that corresponded 144 to the EXO70D3 (AT3G14090) gene. EXO70D3 belongs to the 23-member QR-motif-containing 145 Arabidopsis EXO70 gene family 48, 49 and is most closely related to two other paralogs, EXO70D1 146 (AT1G72470) and EXO70D2 (AT1G54090) ( Supplementary Fig. 2a ). EXO70s are subunits of the 147 octomeric exocyst complex, which is involved in exocytosis and other cellular trafficking processes. 148 interacted with ARR5 D87E , but not with a wild-type ARR5 or ARR5 D87A bait in a yeast two-hybrid 150 assay ( Fig. 2a ), suggesting it may interact with ARR5 in a phospho-Asp-dependent manner. We 151 determined the interactions among the EXO70D isoforms and multiple type-A ARRs using a yeast 152 two-hybrid assay (Fig. 2a ). The three EXO70D paralogs interacted differentially with a subset of type-153 A ARRs, generally preferentially with their phosphomimic forms. The D→E version of ARR4 154 (ARR4 D94E ) interacted with all three EXO70D paralogs, but neither the wild type nor the D→A version 155 of ARR4 interacted appreciably with any EXO70D isoform in this assay. All three versions of ARR5 156 (ARR5, ARR5 D87A and ARR5 D87E ) interacted strongly with EXO70D1, but only ARR5 D87E interacted proteins and act as a receptor to mediate the targeting of type-A ARRs to autophagosomes. Both 173 EXO70D1 and EXO70D2 also contain EXO70 domains (EXO70D1: R 247 -D 617 and EXO70D2: R 239 -174 D 607 ) and putative AIMs (EXO70D1: WxxL motif: L 237 -L 242 , and "anchor": D 90 -I 95 ; EXO70D2: xLIR: 175 L 229 -V 234 ) ( Supplementary Fig. 3b ), which are suggestive of roles as autophagy receptors. 176 To identify the domain of EXO70D3 that interacts with type-A ARRs, we performed pairwise 177 yeast-2 hybrid assays using the N-terminus (EXO70D3 N-term ; amino acid: 1-298; includes the AIM 178 domain) or C-terminus (EXO70D3 C-term ; amino acid: 299-623) ( Supplementary Fig. 3a ) of EXO70D3 179 with wild-type or phospho-mutant forms of type-A ARR paralogs (Fig. 2b ). While an EXO70D3 N-term 180 bait did not interact with type-A ARRs, an EXO70D3 C-term bait interacted most strongly with the 181 phosphomimic versions of ARR4 and ARR5, but weakly or not at all with ARR7 and ARR16, 182 consistent with the results observed using the full-length protein. We confirmed the interaction of 183 ARR5 and EXO70D3 in vivo using co-immunoprecipitation (co-IP) with ARR5 D87E and EXO70D3 C-184 term (Fig. 2c ). We conclude that the C-terminal domain of EXO70Ds interacts preferentially with the 185 phosphorylated form of multiple type-A ARRs. 186 187 EXO70D3 regulates Type-A ARR protein levels 188 We examined the consequence of the interaction of EXO70Ds and type-A ARRs by analyzing 189 the effect of modulating EXO70D function on type-A ARR protein levels. When transiently co-190 expressed in N. benthamiana leaves, EXO70D3 reduced ARR5 D87E protein levels ( Supplementary Fig.   191 3c). Co-expression with a negative control plasmid had no effect on ARR levels. Although they did 192 not interact in our yeast-two hybrid assay, EXO70D3 reduced ARR5 WT proteins in a concentration-193 dependent manner when co-infiltrated in N. benthamiana leaves ( Supplementary Fig. 3d ), suggesting 194 that these proteins may interact in planta, possibly reflecting a weak interaction insufficient for the yeast two-hybrid assay or in planta phosphorylation of ARR5 WT in this system. We examined the 196 effect of separating the N-and C-terminal domains of EXO70D3 on degradation of ARR5 in planta. 197 Co-expressing either the EXO70D3 N-term or EXO70D3 C-term alone with ARR5 D87E did not significantly 198 affect its stability ( Supplementary Fig. 3e ), indicating that both the type-A ARR-interacting 199 (EXO70D3 C-term ) and AIM-containing domains (EXO70D3 N-term ) are required for effective 200 destabilization of ARR5. This is consistent with EXO70D3 acting as a receptor that recruits type-A 201 ARR cargos for autophagic degradation, requiring both type-A ARR and ATG8 (i.e. AIM motif) 202 binding domains.
203
All three paralogs EXO70Ds are expressed in Arabidopsis roots ( Supplementary Fig. 3f ), and 204 thus we examined the effect of disruption of the EXO70Ds on type-A ARR stability in this tissue.
205
Disruption of EXO70D1, EXO70D2 and EXO70D3 resulted in a significant increase in fluorescence 206 in roots of an Arabidopsis line expressing GFP-tagged ARR4 from a UBQ10 promoter ( Fig. 2d and 207 Supplementary Fig. 3g ). We confirmed this result using an independent line carrying a 208 UBQ10::ARR4:RFP transgene in a wild type and exo70D1,2,3 triple mutant background 209 ( Supplementary Fig. 3h ). Further, immunoblotting revealed a ~2.5 increase in ARR4:GFP levels in 210 exo70D1,2,3 as compared to a wild-type background ( Fig. 2e ). 211 212 EXO70D3 promotes targeting of ARR4 to autophagic vesicles 213 The results described above suggest that the EXO70D paralogs play a role in the autophagic 214 turnover of at least a subset of type-A ARRs 55,57-59 . Other members of EXO70 gene family have been 215 linked to autophagy and the formation of autophagosomes 17, 19, 60 . Thus, we tested the hypothesis that 216 the EXO70Ds target type-A ARRs to autophagic vesicles. In the roots of stable transgenic Arabidopsis 217 plants, disrupting all three members of the EXO70D gene family resulted in a 50% reduction in the number of vacuolar, ConcA-dependent ARR4:GFP-containing vesicles (Fig. 3a) . Consistent with this, 219 the increase in ARR4:GFP protein levels in response to ConcA was largely dependent on functional 220 EXO70D genes (Fig. 3b ). These results suggest that EXO70Ds regulate ARR4 protein levels via 221 autophagy.
222
If the EXO70D proteins act as autophagy receptors, they should interact with various ATG8 223 isoforms and should themselves be targeted to autophagic vesicles. Indeed, EXO70D3 N-term interacted 224 with multiple members of the ATG8 gene family in a yeast-two hybrid assay ( Fig. 3c ), consistent with 225 the presence of AIMs in this domain. Furthermore, we observed ConcA-dependent EXO70D3:GFP-226 containing vesicles in Arabidopsis roots ( Fig. 3d ). In Arabidopsis seedlings co-expressing 227 EXO70D3:GFP and mCherry:ATG8e, these ConcA-dependent EXO70D3-containing puncta 228 colocalized with mCherry:ATG8e-tagged puncta (Fig. 3e ). To test whether these EXO70D3-229 containing puncta are related to the ARR4-containing vesicles, we analyzed the localization of these 230 proteins in stable transgenic Arabidopsis plants. The overlap between the mCherry and GFP-231 containing puncta indicates that both EXO70D3 and ARR4 are recruited into the autophagic vesicles 232 ( Fig. 3f ). These observations are consistent with the EXO70Ds acting as receptors for the selective 233 autophagy of ARR4 by recruiting the ARR4 to the autophagosome via the interaction between 234 EXO70D3 and ATG8.
236

Perturbation of EXO70Ds alters cytokinin response 237
In agreement with previous reports 48 , we did not observe any substantial morphological 238 changes in ten-day-old single (exo70D1, exo70D2 or exo70D3), double (exo70D1,2, exo70D1,3, 239 exo70D2,3) or triple (exo70D1,2,3) mutants as compared to wild type ( Fig. 3g & Supplementary Fig.   240 4). Six-week old single, double and triple mutant adult plants were also comparable to the wild type 241 ( Supplementary Fig. 4 ).
242
We examined the link between EXO70D3 function and cytokinin. The EXO70D genes are not 243 transcriptionally regulated by cytokinin ( Supplementary Fig. 5a ). Prior studies revealed that 244 overexpression of type-A ARRs results in hyposensitivity of primary roots to cytokinin 38, 41 , and as 245 type-A ARR protein accumulates in the exo70D1,2,3 triple mutant ( Fig. 2d & Fig. 2e ), we examined 246 if the exo70D1,2,3 mutant is altered in the response to exogenous cytokinin. The exo70D1,2,3 mutants 247 showed reduced sensitivity to low doses of exogenous cytokinin in a root elongation assay ( Fig. 3g ).
248
The single (exo70D1, exo70D2, exo70D3) and double (exo70D1,2, exo70D1,3, exo70D2,3) mutants 249 did not exhibit altered cytokinin responsiveness ( Supplementary Fig. 5b & 5c ). These results 250 demonstrate that members of the EXO70D gene family act redundantly to positively regulate cytokinin 251 responsiveness.
252
To investigate the effect of disruption of EXO70Ds on the spatial pattern of the cytokinin 253 response, we examined the expression of a TCSn::GFP cytokinin reporter in roots of wild type and 254 exo70D1,2,3 mutants grown in the presence of cytokinin. In the absence of exogenous cytokinin, 255 TCSn::GFP expression was reduced in the exo70D1,2,3 mutant as compared to wild-type roots 256 ( Supplementary Fig. 5d ). When grown in the presence of exogenous cytokinin, TCSn::GFP expression 257 in the exo70D1,2,3 mutant was significantly lower compared to wild type. Taken together, these 258 results suggest that disruption of the EXO70Ds results in reduced responsiveness to endogenous and 259 exogenous cytokinin, likely as a consequence of elevated type-A ARR protein levels.
260
Cytokinin was previously shown to stabilize a subset of type-A ARR proteins, likely at least 261 in part by blocking targeting to the 26S proteasome 38 . To explore the interaction of autophagy with 262 this process, we analyzed the effect of cytokinin on type-A ARR protein levels in an exo70D1,2,3 triple mutant. Interestingly, though exogenous cytokinin resulted in accumulation of ARR4:GFP 264 protein in the roots of both wild-type and exo70D1,2,3 seedlings, the rate of accumulation in the triple 265 mutant was slower than in the wild type ( Fig. 3h ). This suggests that disrupting EXO70D-mediated 266 autophagy may up-regulate other cellular mechanisms modulating type-A ARR stability, such as 267 ubiquitin-mediated degradation via the 26S proteasome. autophagy, exo70D1,2,3 is hypersensitive to carbon starvation; After seven days of dark treatment, the 274 survival rate of exo70D1,2,3 was 75% compared to 100% for wild-type plants. After eleven days of 275 dark treatment, the survival decreased to 50% for exo70D1,2,3, while it was greater than 80% for wild-276 type plants ( Fig. 4a ). Responses of single mutants were generally comparable to that of wild-type 277 plants after seven and eleven days of dark treatment ( Supplementary Fig. 6a ). Among the double 278 mutants, eleven days of dark treatment resulted in 50% and 80% survival for exo70D1,3 and 279 exo70D2,3 respectively, compared to about 90% for exo70D1,2 and wild-type plants (Supplementary 280 Fig. 6b ). Overall, these results suggest that members of the EXO70D gene family redundantly function 281 in regulating autophagic responses during carbon starvation. 282 We tested if the type-A ARRs also play a role in the response to carbon starvation by examining 283 the phenotypes of high-order type-A ARR loss-of-function mutants in fixed-carbon starvation survival 284 assays. Compared to wild-type plants, the type-A ARR higher order mutants were significantly more 285 sensitive to carbon starvation ( Fig. 4b) , with the arr3, 4, 5, 6, 7, 8, 9, 15 octuple mutant displaying the strongest phenotype, suggesting at least partial functional redundancy among the type-A ARRs in this 287 response. containing vesicles in exo70D1,2,3 mutants. The elevated levels of type-A ARR proteins in atg5 and 302 exo70D1,2,3 mutants result in hyposensitivity to cytokinin, similar to prior studies on transgenic lines 303 overexpressing type-A ARRs 38,41 , which, like the exo70D1,2,3 triple mutant, are largely aphenotypic 304 when grown under normal lab conditions. Thus, autophagy regulates the sensitivity to cytokinin, at 305 least in part via EXO70Ds. The residual trafficking of ARR4 into autophagic vesicles in exo70D1,2,3 306 mutants may reflect additional receptors involved in the selective autophagy of type-A ARRs. The 307 ARR-EXO70D-ATG8 interactions and the responses to cytokinin and carbon deficient conditions 308 demonstrated in this study provide a molecular mechanism linking autophagy and cytokinin responses.
EXO70 genes are highly expanded in Arabidopsis and other land plants 48, 49, 63 , are expressed 310 in specific tissue types 64 , and regulate diverse physiological processes 65 . For example, Exo70A1 is 311 implicated in the recycling of PINs at the plasma membrane and polar growth 48,66 , development of 312 tracheary elements 67 , cell cycling 68 , Casparian strip development 69 , and cell plate formation 70 .
313
EXO70C2 regulates pollen tube growth 71 and Exo70B1 and Exo70H1 regulate pathogen defense 314 responses 72,73 . Here we demonstrate a novel role for the EXO70D clade of this expanded gene family.
315
While the results presented here suggest that the phosphorylation of a subset of type-A ARRs, 316 which occurs in response to cytokinin, increases their targeting to autophagic degradation, prior studies 317 indicated that cytokinin stabilizes a subset of type-A ARRs proteins, also likely through 318 phosphorylation of the conserved Asp in their receiver domain 38 . Further, while our findings show that 319 type-A ARR proteins are regulated by autophagy, other reports indicate that the 26S proteasome also 320 plays a role in the turnover of type-A ARRs 40,41,74 . Similar proteasome-dependent and -independent 321 regulator pathways have been reported for BRI1-EMS SUPPRESSOR 1 22 and for a number of ABA 322 signaling components 75 . 323 We propose a model ( Fig. 5 ) in which the unphosphorylated type-A ARRs are targeted for 324 degradation by the 26S proteasome. In response to cytokinin, type-A transcript levels rise and the type- predominantly occur, and the specific type-A ARR isoforms that are regulated by each mechanism 356 remain to be determined. As type-A and type-B ARRs both possess receiver domains that are 357 phosphorylated by AHPs 25 , it will be interesting to determine if phospho-aspartate dependent 358 EXO70D-mediated autophagic degradation also plays a role in the regulation of type-B ARRs as well. All Arabidopsis thaliana lines used in this study are in the Col-0 ecotype. The 363 GFP:ATG8f:HA autophagic marker lines were previously-described 79 . T-DNA insertion mutants 364 of the Exo70D gene family (exo70D1 (SALK_074650), exo70D2 (WiscDsLox450H08), and the 365 previously-described exo70D3 (SAIL_175_D08) 48 and atg5-1 (CS39993) 61,80 were obtained from 366 the Arabidopsis Biological Resources Centre, Ohio State University. Double (exo70D1,2 367 exo70D1,3, exo70D1,2) and triple (exo70D1,2,3) mutants were generated by crossing and 368 confirmed by PCR-based genotyping using T-DNA and gene-specific primers (Table S1 ).
369
TCSn::GFP;exo70D1,2,3 was generated by crossing exo70D1,2,3 to plants carrying a synthetic 370 reporter for type-B ARR activity, TCSn::GFP 81 . To generate the ARR4:GFP, EXO70D3:GFP, Table S1 . 395 The CFP, GFP and RFP-tagged overexpression vectors were created by recombining the Construction of phylogenetic tree and sequence alignment 414 The radial tree was created by the web-based Phylogeny 5,6 using Neighbor-joining algorithm. To 415 generate the tree, the amino acid sequences were aligned using MUSCLE TM7 , and curated using 416 Gblocks 8,9 and the phylogeny created using PhyML 10 . Tree Rendering was performed using Seedling cytokinin response assay 429 Responses to exogenous cytokinin was determined by a root elongation assay 37 . Briefly, 430 surface-sterilized seeds were plated on vertical MS plates, stratified at 4° C for 3 days, and moved to 431 growth chambers at 22° C, under 24 h light for 4 days. Seedlings were then transferred to fresh MS 432 plates supplemented with NaOH as vehicle control or different concentrations of BA, and grown for 433 5 more days. Plates were scanned and root growth between days 4 and 9 measured using Fiji 434 software 94 .
435
To determine the effect of cytokinin treatment on stability of ARR4:GFP, 10-day old seedlings 436 were incubated in liquid MS medium supplemented with 5 μM BA for 0-12 h. Whole seedlings or 437 roots were sampled and analyzed by immunoblot assay.
439
Yeast two-hybrid analysis 440 Both bait and prey constructs were transformed into the L40ccαU strain 87 using the previously- transformants were grown to an OD600 of 0.5, and 10 µL plated on -Leu-Trp-Ura-His media. Plates 446 were incubated at 30° C for 4 days, and analyzed for interacting genes. Negative and Positive controls 447 for each interaction included co-transforming with either the bait or prey vectors, and previously 448 described interactors, respectively. Whole roots were isolated and total RNA extracted using the RNeasy Plus kit (QIAGEN).
501
The RNA was DNase-treated using the RQ1 RNase-free DNase (Promega Corporation) and cDNA Table S1 . Each sample was analyzed six times, including 507 3 biological replicates and 2 technical replicates each. Gene expression was determined using the ∆∆Ct 508 method of Pfaffl 99 and presented as relative quantitation of target genes compared to the housekeeping 509 genes. Curr. Opin. Plant. Biol. 39, 8-17 (2017) . Biology 10, 587-593, doi:10.1016/j.pbi.2007.06.006 (2007) . 954-963, doi:10.4161/auto.5.7.9290 (2009 1379-1385, doi:10.1016/j.febslet.2010.01.018 (2010) . 4084-4101, doi:10.1105/tpc.114.129999 (2014) . conditions. Seedlings were either untreated (C-0) or treated with mock control (C-1) and ConcA 778 (ConcA) as described above. ARR4:GFP protein in the roots was analyzed by immunoblot assay. Rel.
779
quantities represent ratio of intensity of α-GFP to α-tub band relative to ratio of WT band. (c) 780 Representative confocal micrograph of the root elongation zone of five-day old Arabidopsis seedlings 781 described in (1b). The light grown seedlings were treated with ConcA or DMSO as control and 
854
Seedlings were grown for six weeks on potted soil under short day conditions of 16/8 h day/night at 855 22 °C. Pots were transferred to dark for 7, 9, 11, 13 days, and recovered in the light for 7 days. (a) 856 Representative images of exo70D1,2,3 triple loss-of-function mutants, arr5-1 and some high-order 857 type-A ARR loss-of-function mutants (arr3,4,5,6; arr3,4,8,9; arr5,6,8,9; arr3,4,5,6,7,8,9,15) following 13-day-dark treatment. Col-0 and atg5-1 served as wild-type and autophagy deficient 859 controls, respectively. Graphs represent quantification of survival of exo70D1,2,3 (b), and various 860 mutants of type-A ARR (c) in response to carbon starvation. Survival was estimated as the percentage 
866
Phosphorylated type-A ARRs are more stable and negatively regulate cytokinin responses. To regulate 867 this constitutive type-A ARR action, EXO70Ds recruit the phosphorylated type-A ARR to the 868 autophagosome by interacting with ATG8 isoforms. This EXO70D-mediated autophagic mechanism 869 presents a more rapid degradation pathway for type-A ARRs. In the absence of cytokinin, 870 unphosphorylated type-A ARRs are ubiquitinated and shuttled to the 26S proteasome for degradation.
871
This 26S proteasome pathway is probably activated for a prolong degradation of type-A ARRs. Black 872 arrow: phosphate transfer; Green line: protein-protein interaction; Purple Arrow: protein degradation. 4,5,6 arr3,4,8,9 arr5,6,8,9 arr3,4,5,6,7,8,9,15 atg5 ,4,5,6 arr3,4,8,9 arr5,6,8,9 arr3,4,5,6,7,8,9,15 Col 
